Cleavage of gentiobiose in cell extracts of gentiobiose-grown Aerobacter aerogenes was dependent on the presence of adenosine 5'-triphosphate (ATP). The enzymes that participate in the overall reaction were shown to be a f-glucoside kinase, which catalyzes the phosphorylation of gentiobiose with ATP to form Analytical procedures. Colorimetric determinations were made with a Coleman Junior spectrophotometer. Spectrophotometric enzyme assays were made with a Gilford absorbance-recording spectrophotometer thermostated at 25 C, using cuvettes with a 1.0-cm light path.
Gentiobiose (6-0-f-D-glucopyranosyl-D-glucose) is a constituent of a number of naturally occurring glycosides, including amygdalin, crocin, and gentianose (5) . Although it can be cleaved hydrolytically to form two equivalents of D-glucose by the action of glycosidases (15) , the mechanism by which this disaccharide is degraded in organisms which can use it as a growth substrate has not been previously elucidated. We have found that Aerobacter aerogenes PRL-R3 can use gentiobiose as a sole source of carbon and energy for growth. The present report documents that gentiobiose metabolism in this organism is initiated by phosphorylation with adenosine 5'-triphosphate (ATP) to yield gentiobiose monophosphate, which is then cleaved hydrolytically to yield equimolar amounts of D-glucose and Dglucose 6-phosphate. This pathway thus is analogous to that by which cellobiose (4-O-l-Dglucopyranosyl-D-glucose) was recently shown to be metabolized in the same organism (12) (13) (14) . These are the only known instances in which cleavage of a disaccharide requires prior phosphorylation with ATP.
MATERIALS AND METHODS
Organism and culture conditions. The bacterium was a uracil auxotroph of A. aerogenes PRL-R3. The methods for cell growth and the preparation of cell extracts were generally those described previously (13, 16) ; the carbon source in the growth medium is given in descriptions of individual experiments. The procedures for isolating carbohydratenegative mutants have been detailed previously (8, 16) .
Analytical procedures. Colorimetric determinations were made with a Coleman Junior spectrophotometer. Spectrophotometric enzyme assays were made with a Gilford absorbance-recording spectrophotometer thermostated at 25 C, using cuvettes with a 1.0-cm light path.
Inorganic orthophosphate (3) , acid-labile phosphate (9), total phosphate (9), reducing sugar (11), total sugar (2) , and protein (10) were determined as described in the indicated references. D-Glucose, Dglucose 6-phosphate, and D-glucose 1-phosphate were determined enzymatically with spectrophotometric end-point assays employing glucose 6-phosphate dehydrogenase, phosphoglucomutase, and hexokinase (14) .
Paper chromatography of sugars was done in a descending mode at room temperature on Whatman 3MM paper. The development times were 40 hr in 1- propanol-ethyl acetate-water (7:1:2, v/v) (solvent 1) and 20 hr in 1-butanol-pyridine-water (6:4:3, v/v) (solvent 2). The compounds on the developed chromatograms were made visible with alkaline AgNO3 (18) .
,B-Glucoside kinase (13) and phospho-g?-glucosidase (14) were assayed as described previously. Gentiobiase and gentiobiose phosphorylase were assayed by measuring D-glucose formation with glucose oxidase; the reaction mixtures were identical to those used for measuring cellobiase and cellobiose phos-phorylase (12) except that the substrate was gentiobiose. Units of enzyme activity are defined in terms of micromoles of substrate converted per minute.
Enzymes, chemicals, and reagents. f3-Glucoside kinase (13) and phospho-fl-glucosidase (14) were purified as described in the indicated references. Cellobiitol was prepared by borohydride reduction of cellobiose (1). Gentiobiose was purchased from Sigma; it was found to be chromatographically pure in both solvent systems. Other materials were from standard commercial sources or as previously described (13) .
RESULTS
Absence of gentiobiase and gentiobiose phosphorylase. These enzyme activities could not be detected (<0.2 milliunits per mg of protein) in fresh extracts of gentiobiose-grown cells.
ATP-dependent cleavage of gentiobiose. Cleavage of gentiobiose by crude extracts of gentiobiose-grown cells was dependent on the presence of ATP (Fig. 1) . In this assay, D-glucose formation from gentiobiose was measured spectrophotometrically by the use of hexokinase and glucose 6-phosphate dehydrogenase. The rate of D-glucose formation was the same whether ATP was added at zero time or after 10 min of incubation. If gentiobiose were being cleaved hydrolytically in the absence of ATP, D-glucose would have accumulated during the 10-min incubation without ATP, and the further addition of ATP would have resulted in the same rate of nicotinamide adenine dinucleotide reduction as when both ATP and D-glucose were added after 10 min. This demonstrated that cleavage of gentiobiose was dependent on ATP and thus implicated the participation of p-glucoside kinase (13) and phospho-f3-glucosidase (14 Extracts of the three strains were assayed for 3-glucoside kinase and phospho-,B-glucosidase before and after induction with cellobiose ( Table 3 ). The absence of p-glucoside kinase activity in mutant 47 and its presence in the wild type and revertant correlates with the ability of the strains to grow on gentiobiose, cellobiose, and cellobiitol. Phospho-B-glucosidase activity was present in all three strains. In contrast to the wild type and revertant, however, phospho--glucosidase was not induced to a higher level by cellobiose in mutant 47. The reason for this is not known, but the important point for the present investigation is that the mutant lacking f-glucoside kinase activity failed to grow on three p-glucosides but grew normally on four others. DISCUSSION This paper establishes that gentiobiose is metabolized in A. aerogenes through a pathway involving ATP-dependent phosphorylation of the disaccharide to yield gentiobiose monophosphate (Fig. 2) , followed by hydrolysis of gentiobiose monophosphate to yield D-glucose and D-glucose 6-phosphate. This conclusion is derived from the facts that (i) gentiobiose cleavage in extracts of gentiobiosegrown cells is dependent on the presence of ATP, (ii) gentiobiose kinase (f,-glucoside kinase) and gentiobiose monophosphate glucohy- The only other disaccharide or f-glucoside for which ATP-dependent phosphorylation has previously been shown to be a prerequisite for cleavage is cellobiose (12) (13) (14) . It is now evident that cellobiitol, which is not considered to be a naturally occurring compound, is metabolized through a similar sequence of reactions because (i) the f3-glucoside kinase, which phosphorylates cellobiitol (13) , is induced by cellobiitol, (ii) the f-glucoside kinaseless mutant fails to grow on cellobiitol, and (iii) phospho-fglucosidase can catalyze the cleavage of cellobiitol monophosphate (14) . D-Glucose that is formed in the cleavage of gentiobiose monophosphate and cellobiose monophosphate can be phosphorylated with ATP by a constitutive D-glucokinase (6), whereas the D-glucitol that is formed in the cleavage of cellobiitol monophosphate may be phosphorylated with phosphoenolpyruvate (7).
Other investigators have implicated a phosphoenolpyruvate: A -D -glutoside phosphotransferase system, rather than an ATP: -Dglucoside phosphotransferase (f3-glucoside kinase), in the phosphorylation of certain f-glucosides in A. aerogenes (17) tiobiose, cellobiose, cellobiitol, salicin, arbutin, methyl f-D-glucoside, and phenyl f-D-glucoside (13), it does not function in the metabolism of all of them. This conclusion is based on the facts that only gentiobiose, cellobiose, and cellobiitol induce the enzyme, and that a mutant lacking (3-glucoside kinase grows normally on all (3-glucosides tested except these three. Thus, though our data clearly establish that the initial reaction in the metabolism of gentiobiose, cellobiose, and cellobiitol in A. aerogenes is phosphorylation with ATP, the data are also in accord with the notion that other ,Bglucosides are phosphorylated with a compound or compounds other than ATP.
